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Abstract
The spatial organisation of Orai channels and SERCA pumps within ER-PM
junctions is important for enhancing the versatility and specificity of sub-
cellular Ca2+ signals generated during store operated Ca2+ entry (SOCE).
In this paper we present a novel three dimensional spatio-temporal model
describing Ca2+ dynamics in the ER-PM junction and sub-PM ER during
SOCE. We investigate the role of Orai channel and SERCA pump location to
provide insights into how these components shape the Ca2+ signals generated
and affect ER refilling. We find that the organisation of Orai channels within
the ER-PM junction controls the amplitude and shape of the Ca2+ profile
but does not enhance ER refilling. The model shows that ER refilling is
only weakly affected by the location of SERCA2b pumps within the ER-PM
junction and that the placement of SERCA2a pumps within the ER-PM
junction has much greater control over ER refilling.
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1. Introduction
Store operated Ca2+ entry (SOCE) is the influx of Ca2+ into the cy-
toplasm through Orai channels in the plasma membrane (PM) occurring
in response to the depletion of Ca2+ from the endoplasmic reticulum (ER)
[1, 2, 3, 4, 5]. This pathway for generating Ca2+ influx is important to the
physiology of eukaryotic cells [6] as SOCE is involved in numerous cellular
functions including endothelial cell proliferation [7], skeletal muscle contrac-
tion [8] and oocyte maturation [9]. Furthermore, abnormal SOCE has been
linked to diseases, such as immunodeficiency [10] and inhibition of motor
control in Purkinje neurons [11].
Stromal interaction molecule 1 (STIM1) resides in the ER membrane
and acts as a Ca2+ sensor [12], initiating SOCE upon ER store depletion by
directly coupling with and gating Orai channels, thus enabling Ca2+ influx
into the cytoplasm [10, 13]. STIM1 interacts with a range of other channels
and pumps and responds to additional cell stresses, such as hypoxic stress
and changes in pH, and is considered to be a homeostatic regulator [3].
At rest, STIM1 and Orai diffuse along the ER membrane and PM [14],
but upon store depletion STIM1 and Orai co-localise in distinct puncta or
ER-PM junctions and bind together to form an active Orai channel [15, 16,
17, 18, 19, 20, 21]. ER-PM junctions occur in regions of the cell where the ER
has extended towards the PM to ensure both membranes are closely apposed
[21]. The distance between the PM and ER membrane has been estimated to
be 10−20nm [15, 16, 21] and this narrow gap between the membranes is key
to SOCE activity and ER refilling [22, 23]. We will refer to this extension of
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the ER as the ‘sub-PM ER’ and the non-junctional ER as the ‘bulk ER’.
Experiments involving overexpression of STIM1 and Orai estimate that
individual ER-PM junctions contain approximately 1,300 Orai channels [24],
but the number of channels per junction expressed at physiological levels
of STIM1 and Orai has not been recorded experimentally [25]. Analysis
of electron micrographs [25] and comparisons of the total and single Orai
channel currents [22] estimate there are 4 − 5 endogenously expressed open
Orai channels per ER-PM junction.
Upon Ca2+ influx, a microdomain of elevated Ca2+ is formed around an
Orai channel and clustering of Orai channels causes the microdomains to
overlap and create complex local Ca2+ signals [26, 22]. Sarco-endoplasmic
reticulum Ca2+-ATPase (SERCA) pumps transport Ca2+ from the ER-PM
junction to the sub-PM ER, thus refilling the ER. SERCA pumps have been
observed to co-localise with STIM1 in the ER-PM junction and are estimated
to sit tens of nanometres away from the open Orai channels [27, 28, 29, 30, 31].
Ca2+ microdomains in the ER-PM junction are important for cell sig-
nalling as they provide specificity to local Ca2+ signals [23, 32, 33]. They
allow direct activation of effectors residing within the microdomain and there-
fore enhance the ability to govern downstream cellular functions [26, 5, 25].
To fully appreciate the signalling potential of SOCE microdomains, it would
be desirable to determine the range of Ca2+ concentrations in ER-PM junc-
tions. However, this is difficult to measure experimentally because of the
small dimensions of the ER-PM junctions [26], which are typically less than
300nm in diameter and 10− 20nm in height [22, 16, 15, 21].
Mathematical modelling allows us to make progress in this direction. Our
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biologically constrained model can resolve Ca2+ signals occurring in small
sub-cellular regions and thus supplement experimentally derived knowledge
by acting as a lens to describe Ca2+ dynamics within ER-PM junctions. This
will provide further information on Ca2+ dynamics and how a variety of cel-
lular features, such as channel and pump placement, regulate the amplitude
and spatial signature of local Ca2+ signals.
Mathematical models have previously been used to further our under-
standing of SOCE [34, 35, 25]. Using a modified whole cell Ca2+ model
based on [36], Ong et al. [34] compared the level of SOCE activation induced
by different decreases in the sub-PM ER and bulk ER Ca2+ concentrations.
This model averages the Ca2+ concentrations within the ER-PM junction,
sub-PM ER and bulk ER, so heterogeneous spatial Ca2+ profiles are not ac-
counted for. In a similar vein, Croisier et al. [35] investigated averaged Ca2+
concentrations to shed light on how SOCE controls agonist induced Ca2+
oscillations in airway smooth muscle cells in the presence and absence of
SERCA pump blockers. Samanta et al. [25] demonstrated that clustering of
Orai channels stimulates gene expression and used mathematical modelling
to examine the effect of clustering on spatial Ca2+ profiles. The three dimen-
sional model showed that clustering elevates the amplitude of the Ca2+ signal
and extends the radial spread of the microdomains. They proposed that such
changes in the Ca2+ profile, as predicted by the model, could strengthen the
signals activating gene expression.
In this paper we present a three dimensional spatio-temporal model to
describe the Ca2+ dynamics occurring within the ER-PM junction and inves-
tigate the spatial signature of Ca2+ signals created during SOCE. We include
4
a sub-PM ER compartment to investigate the refilling properties of SOCE
and allow Ca2+ transport between the domains through SERCA pumps on
the ER membrane. The model is novel as it is the first to provide a spatio-
temporal description of both the ER-PM junction and sub-PM ER domains
and couple the spatially extended domains with SERCA pumps. We im-
plement a mathematical framework with a high spatial resolution to enable
simultaneous investigation of the refilling properties of SOCE and the key
features controlling the spatial signature of Ca2+ signals.
In Section 2 we construct the mathematical model describing Ca2+ dy-
namics within both the ER-PM junction and sub-PM ER. We discuss the
results predicted by the model in Section 3 and highlight the importance of
Orai location on the shape of the Ca2+ profiles generated in the ER-PM junc-
tion. We investigate how Orai channel and SERCA pump location affects
ER refilling and find that ER refilling is not enhanced by the clustered Orai
channel configuration. Moreover, the placement of SERCA2a pumps has a
greater impact on ER refilling than the placement of SERCA2b pumps in
this situation. We discuss the implications of our results in more detail in
Section 4.
This paper highlights the potential of mathematical modelling to examine
the relationships between key components of SOCE, such as Orai channels
and SERCA pumps, and thus further our understanding of how these com-
ponents and their interactions regulate ER refilling and Ca2+ signalling. The
paper also shows the ability of mathematical models to visualise highly spa-
tially resolved Ca2+ profiles in sub-cellular domains, such as the ER-PM
junction, which are too small for current Ca2+ imaging techniques.
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2. Mathematical Model
We construct a three dimensional spatio-temporal mathematical model of
SOCE which simulates ER refilling and describes the Ca2+ dynamics associ-
ated with this process. In this model we focus on capturing the fundamental
properties of SOCE, ER refilling and the local Ca2+ signature, and include
open Orai channels and SERCA pumps to facilitate these functions.
We illustrate the process we consider in Figure 1 where we have included
open Orai channels in purple and SERCA pumps in green. SOCE is triggered
by store depletion which results in movement of STIM1 towards the ER-PM
junctions and ultimately co-localisation of active Orai channels and SERCA
pumps within the ER-PM junctions. This is expected to occur on a time
scale of approximately 40s [37]. Dynes et al. hypothesised that STIM1
binding to Orai holds the Orai channel in an open state and they did not
observe stochastic single Orai channel opening while recording single channel
dynamics [38]. Therefore, we assume that once the Orai channel is open it
remains open until the ER is sufficiently refilled and STIM1 unbinds. We
also neglect Ca2+ dependent inactivation at this time but this process will
be included in future work. The open Orai channels allow a constant Ca2+
influx with an experimentally observed unitary current of 2.1fA [1, 39] and
we assume the open channels are stationary during SOCE [38, 40, 4, 26, 14].
Figure 1(a) illustrates the arrangement of Orai channels and SERCA pumps
in response to the depleted Ca2+ store of the sub-PM ER.
There are estimated to be 5 Orai channels per junction [25, 22] and the
number of SERCA pumps present in the ER-PM junction is not known. We
include ten SERCA pumps in our simulations for two reasons. Firstly, we
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Figure 1: Illustration of the components of SOCE we include in our model and the relative
Ca2+ concentrations. Not to scale. (a) Ca2+ influx through open Orai channels (purple).
(b) Activation of SERCA pumps (green). (c) Refilling of sub-PM ER. (d) Colour scale
showing relative Ca2+ concentrations.
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did not want to overwhelm the Ca2+ dynamics occurring in the junction
by including a large number of SERCA pumps. Secondly, the number of
SERCA pumps present in a junction will be limited by the size of the ER-
PM junction and the size of the individual pumps. Note that the number of
SERCA pumps included can be adjusted in future work. We use the kinetic
parameters as measured by Lytton et al. [41].
The Orai channel microdomains, seen by the orange puffs in Figure 1(a),
occur as Ca2+ enters the ER-PM junction through the open Orai channels.
These microdomains overlap and Ca2+ diffuses towards the ER membrane
resulting in activation of SERCA pumps and initiating Ca2+ transport into
the sub-PM ER, as shown in Figure 1(b). This leads to refilling of the Ca2+
stores of the bulk ER in Figure 1(c).
We assume that once Ca2+ enters the ER-PM junction or sub-PM ER
Ca2+ movement within each domain is governed purely by diffusion, with
membrane fluxes through either Orai channels or SERCA pumps transport-
ing Ca2+ into or out of the domains. The high Ca2+ concentration around
the channel mouth is thought to saturate local Ca2+ buffers [26, 33] so we
follow the work of Samanta et al. [25] and Hogan [22] and use an unbuffered
cytoplasmic diffusion coefficient, DJ = 220µm
2s−1, in the ER-PM junction
[42]. The diffusion coefficient of Ca2+ in the ER lumen has not been defini-
tively measured. However, crowding within the ER lumen is thought to slow
Ca2+ diffusion [43, 44]. Dayel et al. [44] found diffusion within the ER
lumen to be 3 − 6 times slower than the bulk cytoplasmic diffusion coeffi-
cient and estimated the diffusion coefficient of Ca2+ in the ER lumen to be
5− 10µm2s−1. Swietach et al. measured the Ca2+ diffusion coefficient of the
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SR lumen as 8− 9µm2s−1 [45] so in our model we use a diffusion coefficient,
DER = 10µm
2s−1, in the sub-PM ER. We assume the Ca2+ diffusion within
the ER-PM junction and sub-PM ER is uniform in each direction.
2.1. Model geometry
The geometries of the the ER-PM junction and sub-PM ER are illustrated
in Figure 2(a) with the Orai channels in purple and the SERCA pumps
in green on the PM and ER membrane, respectively. We use estimates of
the ER-PM junction dimensions [15, 16, 5, 25] to approximate the ER-PM
junction by a cylinder of diameter 200nm and height 15nm where the upper
face of the cylinder represents the PM and the lower face represents the ER
membrane. The mantle of the cylinder represents the interface between the
ER-PM junction and the rest of the cytoplasm. The sub-PM ER is closely
apposed to the PM and extends out from the bulk ER so we approximate
it by a cylinder of diameter 200nm. Here the upper face and mantle of
the cylinder represent the ER membrane and the lower face represents the
interface between the sub-PM ER and the bulk ER, which we refer to as
‘Bulkint’. The length of the sub-PM ER has not been experimentally recorded
but we expect it to be considerably greater than the distance between the
ER membrane and PM so we choose a cylinder of height of 485nm. This
value can be easily altered in future work when more information about the
dimensions of the sub-PM ER is available.
2.1.1. Boundary conditions
The ER-PM junction is contained within the PM and ER membrane
and the sub-PM ER is bounded by the ER membrane. In our model, Ca2+
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Figure 2: (a) Illustration of the model geometry of the ER-PM junction and sub-PM
ER with Orai channels (purple) and SERCA pumps (green) placed on the PM and ER
membrane (ERM), respectively. (b) Discretisation of the grid along a horizontal cut. The
shaded yellow grid element approximates Ca2+ influx through a single channel and the
red cross represents the coordinates to identify the grid element. (c) Diagram showing
the boundary conditions imposed on the domains. Orai channel and SERCA pump fluxes
are represented by purple and green arrows, respectively. Solid black lines in (a) and (c)
represent membranes with flux boundary conditions and dashed black lines represent the
interface between the ER-PM junction and bulk cytoplasm and the interface between the
sub-PM ER and bulk ER (Bulkint), respectively.
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crosses these boundaries only by passing through Ca2+ channels or pumps.
We discretise each domain according to the parameters in Table A.2. We
approximate Ca2+ flux through a single channel by Ca2+ flux through one
grid element, shaded yellow in Figure 2(b). Each grid element can be uniquely
referenced by the location of one of its corners. For example, the yellow grid
element in Figure 2(b) can be identified with the coordinates (r, φ), which
are shown as a red cross.
Fluxes through Orai channels are represented by purple arrows and fluxes
through SERCA pumps are represented by green arrows in Figure 2(b). The
remaining parts of the membranes are impenetrable, which we capture by
imposing ‘no flux’ boundaries to prevent Ca2+ from diffusing freely across
the boundary. These ‘no flux’ boundaries are represented by the solid black
lines in Figure 2(c).
Ca2+ microdomains greatly increase the Ca2+ concentration in the im-
mediate vicinity of the channel or pump but this elevation declines steeply
as the distance from the channel increases [26, 46]. We do not expect a no-
ticeable increase in Ca2+ concentration at the interface between the ER-PM
junction and bulk cytoplasm because of the sharp decline in Ca2+ elevation
at the edge of the ER-PM junction. Therefore, the Ca2+ concentration at
the interface between the ER-PM junction and bulk cytoplasm is chosen to
be the same as the Ca2+ concentration of the bulk cytoplasm, 0.1µM. Simi-
larly, we expect the Ca2+ concentration at the interface between the sub-PM
ER and bulk ER to be equal to the Ca2+ concentration of the depleted bulk
ER as at such distances from the SERCA pumps we expect little increase
in the Ca2+ concentration during the simulations. We have chosen the Ca2+
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concentration at the interface between the sub-PM ER and bulk ER to be
150µM. These ‘fixed value’ boundary conditions are shown as dashed lines
in Figure 2(c).
2.2. Modelling Ca2+ dynamics
We define CJ and CS to be the Ca
2+ concentrations in the ER-PM junction
and the sub-PM ER, respectively. We simulate the Ca2+ dynamics in each
domain using the diffusion equations,
∂CJ
∂t
= DJO2CJ, (1)
and
∂CS
∂t
= DERO2CS, (2)
and the boundary conditions as shown diagrammatically in Figure 2(c). The
model describes the system after the ER Ca2+ stores have been depleted
and as Ca2+ influx via Orai channels is about to occur. Initially there is
no Ca2+ influx into the ER-PM junction so our initial Ca2+ concentration
is the baseline cytosolic Ca2+ concentration, [Ca2+ ]i = 0.1µM. We have
depleted the Ca2+ store in the sub-PM ER from a resting concentration of
[Ca2+ ]ER ≈ 400µM [4] to 150µM to take account of the greater depletion
observed in the sub-PM ER by Ong et al. [34] and to ensure significant
ICRAC activation, for which a dissociation constant of K1/2 = 169µM has
been reported [47].
We solve the spatial aspect of the diffusion equation using Green’s func-
tions and the method discussed in Appendix A to derive the exact solution of
this system. Alternative approaches involving purely numerical techniques,
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such as finite element methods, are also applicable; however, we do not pursue
those approaches. We use the exact solution to pre-compute key components
of our solution therefore reducing the computational cost of each time step
during the simulation. We iterate the spatial solution over each time step
to simulate the temporal evolution of the Ca2+ profiles. Using this approach
we can simulate the spatial Ca2+ concentrations in the ER-PM junction and
sub-PM ER at each time step and then evolve the Ca2+ concentrations over
time to simulate the spatio-temporal Ca2+ dynamics of the whole system.
The code for this model is available online and details of the code and the
processing times for the simulations in this study are provided in Appendix
A.
3. Results
3.1. Clustering of Orai channels creates spatially distinct Ca2+ profiles in the
ER-PM junction
We compare the Ca2+ profiles generated by Orai channels in a clustered
and non-clustered configuration to examine the effect of clustering on the
spatial signature of the Ca2+ signals. Samanta et al. [25] estimated the
inter-channel distance of an Orai channel and its nearest neighbour to be
47nm. We place the Orai channels in a ring with an inter-channel distance
of 39nm when the channels are clustered, so the channels are placed closer
together than the nearest neighbour estimate. When the channels are non-
clustered we use an inter-channel distance of 65nm, so the channels are more
widely spaced than the nearest neighbour estimate. Manjarres et al. observed
SERCA2b pumps co-localising to the ER-PM junction and proposed that
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SERCA2b pumps form a ring like structure surrounding the Orai channels
in the ER-PM junction [27, 28, 29, 31]. We place the Orai channels and
SERCA pumps in concentric rings, as depicted in Figures 3(a) and 3(b).
The Ca2+ profiles at the PM generated by the clustered and non-clustered
Orai distributions are shown in Figures 3(c) and 3(d). The magnitude of
the Ca2+ concentrations are similar, approximately 60µM, but we observe
different patterns for each Orai distribution. The Orai channel microdomains
overlap more when the channels are clustered which results in a larger region
of elevated Ca2+, reaching Ca2+ concentrations of around 7µM in the centre
of the ER-PM junction. The microdomains of the non-clustered channels
overlap to a lesser extent with Ca2+ concentrations of approximately 4µM.
The differences in the spatial Ca2+ concentrations generated by clustered
and non-clustered Orai channels are even more prominent at the ER mem-
brane, as seen in Figures 3(e) and 3(f). The microdomains of the clustered
Orai channels merge into one region of elevated Ca2+ and the individual chan-
nel microdomains are completely absorbed into this Ca2+ pattern. However,
the microdomains of the non-clustered channels are still distinguishable as
circles inside the star shaped region of elevated Ca2+ in Figure 3(f). The clus-
tered configuration attains Ca2+ concentrations of around 7µM along the ER
membrane whereas the Ca2+ concentrations generated by the non-clustered
channels peak at approximately 4.5µM.
We directly compare the Ca2+ profiles generated at Orai channels on the
PM in Figure 4(a) by plotting the Ca2+ profiles at a location represented by
the dashed black lines in Figures 3(c) and 3(d). At the PM, we see that the
clustered channel configuration (blue line) results in greater elevation of Ca2+
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Figure 3: (a,b) Illustrations of the placement of Orai channels (purple) on the PM in a
clustered and non-clustered configuration with SERCA pumps (green) placed 30nm away.
(c,d) Ca2+ profiles at the PM when Orai channels are clustered and non-clustered. (e,f)
Ca2+ profiles at the ER membrane when Orai channels are clustered and non-clustered.
Parameters as in Tables A.1 and A.2 and non-clustered mesh has parameters 4φ = 0.0251
and σφ = 0.03 to ensure the size of the Orai channel is the same in both the clustered and
non-clustered Orai channel configurations.
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Figure 4: (a) Ca2+ profiles at the PM along the black dashed lines in Figures 3(c) and
3(d). (b) Ca2+ profiles at the ER membrane along the black dashed lines in Figures 3(e)
and 3(f). The blue and red lines represent the Ca2+ profiles arising from the clustered
and non-clustered Orai channel distributions, respectively. Parameters as in Tables A.1
and A.2.
concentrations around r = 0 than the non-clustered channels (red line). This
increased amplitude occurs because the clustered microdomains overlap to a
greater extent than the non-clustered microdomains. By comparing the Ca2+
profiles at the ER membrane directly beneath the Orai channels in Figure
4(b), we see that clustering of Orai channels (blue line) greatly increases the
magnitude of the Ca2+ concentrations achieved in the ER-PM junction. The
clustered configuration reaches Ca2+ concentrations of 7µM which is almost
50% greater than the Ca2+ concentrations of 4.4µM generated by the non-
clustered configuration. We observe small dips in the Ca2+ profiles at the
ER membrane in Figure 4(b) corresponding to Ca2+ eﬄux from the ER-
PM junction via SERCA pumps. The difference in the Ca2+ concentrations
demonstrates that clustering of Orai channels controls the amplitude of the
Ca2+ profile and creates spatially distinct Ca2+ profiles. Samanta et al.
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observed that confinement of Orai channels within the ER-PM junctions
led to increased c-fos and NFAT activation [25]. Using a three-dimensional
model of an ER-PM junction, they found that clustering of Orai channels
increased the Ca2+ concentrations on the ER surface and proposed that the
ability to control the local spatial Ca2+ signal via clustering would result
in more effective activation of c-fos gene expression and NFAT. Our model
demonstrates that the inter-channel distance is an important parameter for
governing the amplitude and shape of Ca2+ signals generated in the ER-
PM junction. Therefore, the ability of Orai channels to cluster provides
a mechanism by which Ca2+ can specifically activate distinct downstream
signalling processes, such as NFAT [48], by controlling the amplitude and
shape of the Ca2+ signal.
3.2. Clustering Orai channels does not enhance ER refilling
ER refilling requires SERCA pumps to transport Ca2+ from the ER-
PM junction to the sub-PM ER and the level of SERCA pump activity
depends on the Ca2+ concentration surrounding the pumps. We measure
the activity of the SERCA pumps in terms of the maximal activity possible,
where 100% corresponds to a maximally activated SERCA pump. We have
seen in Section 3.1 that clustering increases the local Ca2+ concentrations
in the ER-PM junction, so in this section we investigate whether clustering
results in more highly activated SERCA2b pumps leading to increased rates
of ER refilling. We fix the distance between the Orai channels and SERCA2b
pumps to ensure that any change in ER refilling is solely attributed to the
Orai channel arrangement.
In our simulations we find that the Ca2+ profile within the ER-PM junc-
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Figure 5: (a) Diagram explaining how we visualise the Ca2+ concentration in the sub-PM
ER. The green circles represent the SERCA pumps on the ER membrane. (b,c) Ca2+
profiles generated in the sub-PM ER along the ring of SERCA2b pumps in response to
a clustered and non-clustered Orai channel distribution. (e) Plot of the Ca2+ transport
activity of SERCA2b. The red cross and star correspond to the transport activity in
response to the clustered and non-clustered Orai channels, respectively. Parameters as in
Tables A.1 and A.2 and non-clustered mesh has parameters 4φ = 0.0251 and σφ = 0.03.
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tion reaches an equilibrium concentration profile in less than 0.25ms. The
resulting SERCA2b pump fluxes, and therefore activity, will remain constant
once this equilibrium state has been achieved. Therefore, SERCA2b pump
activity after 1ms will be the same as the SERCA2b pump activity after a
longer time, provided the Orai channel has not switched off and disturbed
the equilibrium fluxes. It is important to note that the time to achieve an
equilibrium Ca2+ profile within the ER-PM junction depends on the Ca2+
channels and pumps included in the junction. Additional interactions, such
as PMCA activity, could prevent or delay attainment of an equilibrium Ca2+
profile in which case the early ER refilling will not be representative of the
long term ER refilling. In our simulations we find that the Ca2+ profile in
the ER-PM junction reaches an equilibrium concentration within 0.25ms so
the early refilling will be representative of the long term ER refilling in this
study.
SERCA2b pumps are the only component in the model that transports
Ca2+ into the sub-PM ER to refill the depleted Ca2+ store. Therefore, the
rate of ER refilling depends on the SERCA2b pump activity and greater
SERCA2b pump activity results in faster ER refilling. We can consider the
SERCA2b pump activity in response to clustered and non-clustered Orai to
compare the rate of ER refilling achieved in response to each Orai channel
distribution. As the SERCA2b pump activity remains constant, the level of
ER refilling will proceed at the same rate while the ER-PM junction is in
equilibrium. This means that although the ER will have been refilled to a
greater extent after a longer amount of time the rate of ER refilling with
the clustered and non-clustered Orai channels will be the same at both early
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and late times. As we are concerned with the rate of ER refilling for the
clustered and non-clustered Orai channels, and not the total magnitude of
ER refilling, we will compare the Ca2+ profiles after 1ms.
The SERCA2b pumps denoted by the black cross and star in Figures
3(e) and 3(f) are placed a distance of 30nm from the clustered and non-
clustered Orai channels, respectively. The Ca2+ concentration surrounding
the SERCA2b pumps is higher in the clustered Orai configuration than the
non-clustered configuration. The different Ca2+ concentrations around the
SERCA2b pumps are seen in Figure 4(b). The SERCA2b pumps are situated
at the dips in the Ca2+ profile at concentrations of approximately 2.658µM
and 1.032µM in the clustered and non-clustered Orai configurations, respec-
tively. The SERCA2b pumps are highly activated in both Orai distributions,
but there is a slight decrease in SERCA2b activity from 98% with the clus-
tered Orai channel distribution to 90% when the channels are non-clustered.
Therefore, the rate of ER refilling is very similar for both the clustered and
non-clustered Orai channel distributions.
We are interested in the rate of ER refilling but we can show the extent of
Ca2+ refilling in the sub-PM ER after 1ms to allow a visual and more intuitive
comparison of the ER refilling occurring in response to the clustered and non-
clustered Orai channels. We take a slice along the blue line in Figure 5(a) on
which the SERCA2b pumps sit and ‘unfurl’ this slice to visualise the Ca2+
concentration throughout the sub-PM ER beneath the SERCA2b pumps.
We then focus on the section of the sub-PM ER from an internal point of
the sub-PM ER (ERi) to the ER membrane, enclosed by the red dashed
rectangle in Figure 5(a). Focusing on this section of the sub-PM ER allows
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us to capture the structure of the Ca2+ patterns produced during refilling of
the ER via SERCA pumps. We can then consider the extent to which Ca2+
diffuses from the ER membrane to compare the relative levels of ER refilling.
We show the extent to which Ca2+ has diffused from the SERCA2b pumps
when the Orai channels are clustered and non-clustered in Figures 5(b) and
5(c). As the SERCA2b pumps transport Ca2+ into the sub-PM ER regions
of elevated Ca2+ are created around the SERCA2b pumps. These regions
overlap when the Orai channels are clustered as the SERCA2b pumps are
closer together, so SERCA2b pump placement also creates local Ca2+ pat-
terns in the sub-PM ER. We observe that the maximum Ca2+ concentrations
achieved after 1ms are approximately 160µM which is an increase of 10µM.
Jousset et al. found that the ER Ca2+ store is refilled within two minutes
[49]. Therefore, we would not expect to see significant levels of refilling after
1ms. However, the extent of Ca2+ diffusion after 1ms within the sub-PM ER
is very similar for the clustered and non-clustered Orai distributions. This
further demonstrates that the rate of ER refilling is roughly equal in both
cases.
In Figure 5(d) we compare the Ca2+ transport rates of SERCA2b in
response to clustered and non-clustered Orai channel distributions. The ac-
tivity of the SERCA2b pumps are shown by the red cross and red star,
respectively. As we can see, the decrease in Ca2+ concentration surrounding
the SERCA2b pumps when Orai channels are clustered and non-clustered,
predicted from the simulations, does not result in a great decrease in the
SERCA2b Ca2+ transport rate. So, although clustering increases Ca2+ con-
centrations in the ER-PM junction, ER refilling is not enhanced by Orai
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Figure 6: (a,b) Illustrations of the placement of Orai channels (purple) on the PM in a
clustered configuration with SERCA pumps (green) placed 30nm or 60nm away. (c,d)
Ca2+ profiles generated in the sub-PM ER along the ring of SERCA2b pumps 30nm and
60nm from the Orai channels. Parameters as in Tables A.1 and A.2.
channel clustering.
3.3. The distance between Orai channels and SERCA2b pumps is not a major
regulator of ER refilling
In the previous section, we demonstrated that clustering does not enhance
ER refilling, so we now focus on the second factor which could control SERCA
pump activity and ER refilling: the distance between Orai channels and
SERCA pumps.
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The peripheral Ca2+ concentration is roughly equal for clustered and non-
clustered Orai channel distributions (see Figure 4). We therefore consider
clustered Orai channels only, to ensure that any results are a consequence of
the distance between channels and pumps. We place the SERCA2b pumps at
distances of 30nm and 60nm from the Orai channels, as illustrated in Figures
6(a) and 6(b). This approach can determine how the proximity of SERCA2b
pumps to Orai channels affects the rate of ER refilling. As in Section 3.2,
we are concerned with the rate of ER refilling and not the total magnitude
of ER refilling. In this section we compare ER refilling after 1ms when the
SERCA2b pumps are placed 30nm and 60nm from the Orai channels to
investigate how the placement of the SERCA2b pumps affects the rate of ER
refilling.
The black cross and circle in Figure 3(e) represent the SERCA2b pumps at
distances of 30nm and 60nm from the Orai channels. Ca2+ microdomains are
characterised by a steep decrease in Ca2+ concentration away from the Orai
channels, which can be seen in Figure 3(e). This ensures that the SERCA2b
pumps are exposed to different Ca2+ concentrations when placed close to
and far from the Orai channels. Such decreases in the Ca2+ concentrations
surrounding the SERCA2b pumps could reduce the activity of the SERCA2b
pump and potentially reduce the rate of ER refilling.
The simulated SERCA2b pump activity 30nm and 60nm from the Orai
channels is 98% and 73%, respectively. The pumps are highly activated
close to the Orai channels, but continue working well above half maximal
activity even in peripheral locations. This suggests that even though there is
a decrease in SERCA2b activity, ER refilling will still proceed at a sufficiently
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high rate to ensure the ER is refilled, although it will be slightly slower.
After 1ms, we compare the Ca2+ concentrations in the sub-PM ER di-
rectly beneath the SERCA2b pumps in Figures 6(c) and 6(d). The Ca2+
concentration profiles are similar and the sub-PM ER is refilled to the same
extent by SERCA2b pumps placed at both locations within the ER-PM junc-
tion. Ca2+ from the SERCA2b pumps has diffused similar distances away
from the ER membrane with each SERCA2b pump placement.
This suggests that ER refilling does not depend greatly on the placement
of SERCA2b pumps. The pumps located further from the Orai channel will
refill the ER at a slower rate but the increased distance does not drastically
reduce the rate of ER refilling. Therefore, the proximity of SERCA2b pumps
to Orai channels is not a major regulator of ER refilling.
3.4. The placement of SERCA2a pumps has a greater impact on ER refilling
than the placement of SERCA2b pumps
In Section 3.3 we examined how the proximity of SERCA2b pumps to
Orai channels impacted ER refilling and demonstrated that the placement
of SERCA2b pumps within the ER-PM junction only weakly affected ER
refilling. Sampieri et al. observed SERCA2a pumps co-localising to the ER-
PM junction during SOCE [30]. SERCA2a and SERCA2b are functionally
distinct with SERCA2a having a lower affinity for Ca2+ and higher Ca2+
turnover rate [50, 41]. Such different kinetic parameters could result in dif-
ferent ER refilling dynamics depending on the type of SERCA pump isoform.
In this section we include only SERCA2a pumps to investigate how the place-
ment of SERCA2a pumps affects the rate of ER refilling. We again find that
the ER-PM junction reaches an equilibrium Ca2+ concentration profile within
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less than 0.25ms and the SERCA2a fluxes are constant after this equilibrium
is reached. Therefore, we compare the rates of ER refilling after 1ms as they
will be representative of the long term ER refilling rate.
As in the previous section, we consider only the clustered Orai channel
arrangement and only include SERCA2a pumps to ensure that our results are
a direct consequence of the distance between Orai channels and SERCA2a
pumps. We illustrate the placement of the Orai channels and SERCA pumps
in Figures 6(a) and 6(b), where the green circles now represent SERCA2a
pumps at distances of 30nm and 60nm from the Orai channels, respectively.
The Ca2+ microdomains generated around the Orai channels ensure that
the Ca2+ concentrations surrounding the SERCA2a pumps placed 30nm are
larger than the concentrations surrounding the SERCA2a pumps 60nm from
the Orai channel (see Figure 3(e)). Again, this reduction in Ca2+ concen-
tration could control the level of SERCA2a activity and thus regulate ER
refilling.
The simulated SERCA2a pump activity 30nm and 60nm from the Orai
channels is 98% and 52%, respectively. As with the SERCA2b pumps, we
see that the SERCA2a pumps located 30nm from the Orai channels are very
highly activated. However, the SERCA2a pumps located peripherally within
the ER-PM junction are working only slightly above half maximal activity.
Therefore, the distance between SERCA2a pumps and Orai channels is an
important factor controlling SERCA2a activity as increasing the distance be-
tween the Orai channel and SERCA2a pump halves SERCA2a pump activity
thus drastically reducing the ER refilling rate.
We compare the Ca2+ concentrations in the sub-PM ER directly beneath
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(a) (b)
Figure 7: (a,b) Ca2+ profiles generated in the sub-PM ER along the ring of SERCA2a
pumps 30nm and 60nm from the Orai channels. Parameters as in Tables A.1 and A.2.
the SERCA2a pumps in Figures 7(a) and 7(b). After 1ms, Ca2+ from the
SERCA2a pumps placed 30nm from the Orai channels has diffused much fur-
ther than Ca2+ from SERCA2a pumps placed 60nm from the Orai channels.
Therefore, placing SERCA2a pumps 30nm from the Orai channels results in
faster ER refilling than SERCA2a pumps placed 60nm from the Orai chan-
nels. In fact, the SERCA2a pumps 30nm from the Orai channels achieve
Ca2+ concentrations of 170µM within 1ms whereas the SERCA2a pumps
60nm from the Orai channels only attain Ca2+ concentrations of approxi-
mately 160µM. Given that the depleted ER concentration is 150µM, this
shows that ER refilling is twice as fast when SERCA2a pumps are closer to
the Orai channels, which is what we expect since the pumps 60nm from the
channels are working at approximately 50% activity levels.
This difference in the rates of ER refilling suggests that the placement of
SERCA2a pumps in the ER-PM junction and in particular their proximity
to Orai channels controls the rate of ER refilling.
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(a)
Figure 8: Ca2+ transport rates of SERCA2a and SERCA2b pumps represented by the
black and blue curves, respectively. Green circle and triangle denote clustered Orai channel
arrangements with SERCA2a pumps placed 30nm and 60nm away, respectively. Red circle
and triangle denote clustered Orai channel arrangements with SERCA2b pumps placed
30nm and 60nm away, respectively. The dashed orange line represents the baseline Ca2+
concentration of the ER-PM junction, [Ca2+]i = 0.1µM.
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SERCA pumps are the only structures in our model capable of trans-
porting Ca2+ from the ER-PM junction into the sub-PM ER so the SERCA
pump Ca2+ transport activity is a measure of the ER refilling rate, with
higher SERCA pump Ca2+ transport activity corresponding to faster ER
refilling. We compare the SERCA pump Ca2+ transport activity for both
SERCA2a and SERCA2b pumps in Figure 8. We plot the Ca2+ transport
rate against Ca2+ concentration and the black and blue curves represent
the SERCA2a and SERCA2b Ca2+ transport rates, respectively. The green
(red) crosses and circles represent the activity levels of SERCA2a (SERCA2b)
pumps placed 30nm and 60nm from the clustered Orai channels. The dashed
orange line represents the baseline Ca2+ concentration of the ER-PM junc-
tion, [Ca2+]i = 0.1µM. In Figure 8 we see that both SERCA pumps have
similar Ca2+ transport rates at Ca2+ concentrations just above the resting
Ca2+ concentration and that the distance between Orai channels and SERCA
pumps has a much greater impact on the Ca2+ transport rate of SERCA2a
than SERCA2b.
Although we can plot the SERCA Ca2+ transport curves in Figure 8 we
cannot predict the activity of the SERCA pumps without knowing the Ca2+
concentrations in the ER-PM junction. This information is not available
before we simulate SOCE as we cannot measure the Ca2+ concentrations
experimentally. Therefore, it is necessary to simulate SOCE to be able to
predict the local Ca2+ concentrations and SERCA activities and thus com-
pare the rates of ER refilling. The simulations of the Ca2+ concentrations
within the sub-PM ER provide a second method of measuring and compar-
ing the ER refilling occurring as we visualise the Ca2+ profiles within the
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sub-PM ER.
Therefore, although the arrangement of Orai channels and placement of
SERCA2b pumps have minor influences on ER refilling the key factor con-
trolling ER refilling is the placement of SERCA2a pumps and in particular,
their proximity to Orai channels.
4. Discussion and Conclusion
We have constructed a three dimensional spatio-temporal model to simu-
late the Ca2+ dynamics in the ER-PM junction and sub-PM ER. Our model
provides a means to visualise Ca2+ profiles in signalling microdomains on a
nanometre scale, thus offering a highly spatially resolved view on local Ca2+
behaviour. Using this high spatial resolution we were able to investigate the
impact of placement of signalling components, such as Orai channels and
SERCA pumps, on the Ca2+ signals generated in response to SOCE and
their effect on ER refilling.
The model shows that clustering of Orai channels causes Ca2+ microdomains
to overlap leading to higher local Ca2+ concentrations in the ER-PM junc-
tion. The Ca2+ profiles generated by clustered and non-clustered profiles had
distinct shapes and also attained different peak Ca2+ concentrations. The
magnitude and shape of Ca2+ signals in the ER-PM junction could control
activation of a range of downstream cellular functions [48], such as NFAT ac-
tivation as hypothesised by Samanta et al. [25]. Therefore, clustering could
act as a mechanism to create structured Ca2+ profiles ensuring sufficiently
high Ca2+ concentrations are attained in regions of the signalling junction
to activate specific effector molecules. The highly heterogeneous Ca2+ pro-
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files also have the potential to activate a diverse range of effector molecules
within the junction in a controlled manner by targeting the molecules to
regions of the junction according to the specific Ca2+ binding coefficients of
each molecule [25, 26, 22, 51].
In this paper we considered the importance of the locations of Orai chan-
nels and SERCA pumps within the ER-PM junction. We investigated the
relationship between ER refilling and the inter Orai channel distance as well
as the relationship between ER refilling and Orai-SERCA distance. Our re-
sults show that the rate of ER refilling is not greatly impacted by clustering
of Orai channels or the placement of SERCA2b pumps. However, the rate
of ER refilling does depend on the distance between SERCA2a pumps and
Orai channels.
When SERCA2b pumps are placed 30nm away from the Orai channels,
SERCA2b pump activity in both the clustered and non-clustered Orai chan-
nel configuration is high (≥ 90%). Although the Ca2+ concentration increases
with clustered Orai channels, this does not correspond to a considerable in-
crease in the Ca2+ transport rate of the SERCA2b pump, as seen in Figure
5(d). The reason for this is that SERCA pump activity only increases in
small increments as it approaches its maximal activity level. Therefore, the
rate of ER refilling is not enhanced by clustering Orai channels. Moving
towards the periphery of the ER-PM junction, we observed a decrease in
the Ca2+ concentration. Concomitantly, SERCA2b and SERCA2a pump ac-
tivity was reduced from 98% to 72% and 98% to 52%, respectively, when
the distance between Orai channels and SERCA pumps was increased from
30nm to 60nm. The rate of ER refilling was similar for both distances with
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SERCA2b pumps but greatly reduced with SERCA2a pumps. We compared
the Ca2+ transport rates of both SERCA2a and SERCA2b in Figure 8 and
found SERCA2a to be much more sensitive to the observed Ca2+ concentra-
tion than SERCA2b, thus leading to greater control over ER refilling.
This initial model focuses on the fundamental properties of SOCE: ER
refilling and the associated Ca2+ patterns. Through further development and
refinement of the model, we will include more components of Ca2+ signalling,
such as PMCA pumps, and regulatory mechanisms, such as Ca2+ dependent
inactivation of the Orai channel, to provide a more physiologically realistic
description of SOCE. Currently, the model is not cell type specific, but in-
cluding cell specific parameters, such as binding coefficients, and cell specific
structures in the future will allow the model to be tailored for specific cell
types.
In conclusion, our model uncovers a novel way to simulate and visualise
the highly heterogeneous Ca2+ concentrations generated in small sub-cellular
compartments during SOCE. Using simulations of specific Orai channel and
SERCA pump distributions affords a way to predict the spatial signature of
the Ca2+ signals in the ER-PM junction and sub-PM ER. This can be used
to further investigate how interactions between Orai channels and SERCA
pumps generate distinct Ca2+ signals, which could regulate downstream cel-
lular signals. For the first time, the model includes a spatially extended
sub-PM ER domain to enable investigation into mechanisms governing ER
refilling to provide further insight into the importance of specific components
of SOCE. The model demonstrates that the amplitude and shape of Ca2+
signals throughout the ER-PM junction are strongly controlled by the Orai
31
channel distribution. We also find that clustering of Orai channels and place-
ment of SERCA2b pumps within the ER-PM junction have very little impact
on the rate of ER refilling. However, the distance between SERCA2a pumps
and Orai channels is a major factor for determining ER refilling.
Further work is required to fully address the relationship between the mi-
croscale patterning of the Ca2+ signal within the ER-PM junction and whole
cell responses such as gene expression. Currently, Ca2+ imaging techniques
cannot resolve the local Ca2+ signals, however, mathematical modelling can
predict the shape of the Ca2+ signals generated in response to a variety of
Orai channel distributions and compare the Ca2+ concentrations achieved.
The levels of gene expression, observed in response to different Orai chan-
nel distributions, can be directly measured using experimental techniques.
Mathematical modelling can provide insight to the microscale patterning of
Ca2+ profiles created within ER-PM junctions and by combining this in-
sight with whole cell observations we can develop a deeper understanding of
how Orai channel clustering regulates whole cell behaviour such as NFAT
expression.
Appendix A. Mathematical model
In Section 2.2 we described the spatio-temporal model diagrammatically;
here, we discuss the mathematical model in greater depth. The simulations
throughout the paper use the parameter values in Tables A.1 and A.2 unless
otherwise specified.
Mathematical modelling has previously been employed to enhance under-
standing of SOCE [34, 25]. The model presented by Ong et al. [34] examines
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Param-
eter
Description Value Unit
DJ Diffusion coefficient in ER-PM junction 220
[22, 42]
µm2s−1
DER Diffusion coefficient in ER-PM junction 10
[45, 44]
µm2s−1
a Radius of junction 100
[25, 26]
nm
H Distance to PM 2500 nm
L2 Distance to ER membrane 2485 nm
L1 Distance to interface between sub-PM ER
and bulk ER
2000 nm
ERi Distance to internal point of sub-PM ER
(see Figure 5(a))
2286.15 nm
IOrai Orai single channel current 2.1
[1, 39]
fA
F Faraday’s constant 96485 C mol−1
z Valency of Ca2+ ions 2
AO Area of Orai channel 0.25
[52]
nm2
Vmax SERCA2b pump rate 36 [41] Ca
2+
ions/s
KF SERCA2b pump Ca
2+ affinity (forward
rate)
0.27
[41]
µM
H Hill coefficient for the SERCA2b pump 1.7 [41]
Vmax SERCA2a pump rate 72 [41] Ca
2+
ions/s
KF SERCA2a pump Ca
2+ affinity (forward
rate)
0.38
[41]
µM
H Hill coefficient for the SERCA2a pump 2.2 [41]
KR SERCA pump Ca
2+ affinity (reverse rate) 1700
[53]
µM
Q Temperature coefficient 2.6 [53]
Table A.1: Table of parameter values used in model chosen according to estimates in
literature. Distance to PM, ER membrane and bulk ER are defined as the distance from
a point of the bulk ER. H and L2 chosen to ensure height of junction (H − L2) is in
agreement with experimental estimates [16]. As discussed in Section 2, the height of the
sub-PM ER has not been measured so we have chosen L0 so that the height of the sub-PM
ER is larger than the height of the ER-PM junction.
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Parame-
ter
Description Value Unit
4t Size of time step 1 µs
4r Radial step size 0.2 nm
4φ Angular step size for clustered Orai channel
configuration
0.0419 radi-
ans
4zJ z step size in ER-PM junction 0.15 nm
4zS z step size in sub-PM ER 4.85 nm
σφ Angular standard deviation of Gaussian,
w(r, φ)
0.05
σr Radial standard deviation of Gaussian, w(r, φ) 0.05
T Simulated time 1 ms
NOrai Number of Orai channels 5
NSERCA Number of SERCA pumps 10
Table A.2: Table of parameter values used in simulations.
the relationship between the cytoplasmic Ca2+ dynamics and the Ca2+ con-
centrations of the sub-PM ER and bulk ER, highlighting the importance of
the Ca2+ dynamics of the ER-PM junction on the sub-PM ER Ca2+ concen-
trations and ER refilling. This model used an ordinary differential equation
(ODE) framework which averaged the Ca2+ concentrations in the compart-
ments. In our model we use a partial differential equation (PDE) framework
to simulate the spatial Ca2+ profiles generated in the ER-PM junction and
sub-PM ER thus allowing investigation into how the spatial localisation of
Orai channels and SERCA pumps and local Ca2+ dynamics affect ER refill-
ing.
The model presented by Samanta et al. [25] describes spatial Ca2+ pro-
files in the ER-PM junction. On the surface this model is similar to ours,
however, the models are formulated in different manners. Samanta et al.
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prescribe no flux boundary conditions on all the the boundaries of the do-
main and include an internal source term to describe Ca2+ influx through
Orai channels. Whereas we approximate the Ca2+ flux through each Orai
channel or SERCA pump as a boundary flux through a single grid element,
as shown in Figure 2(b), on the PM and ER membrane, respectively. We also
prescribe a Dirichlet boundary condition at the edge of the ER-PM junction
to ensure the Ca2+ concentration within the junction is continuous with the
concentration of the bulk cytoplasm. We compare the effect of SERCA2a
and SERCA2b pumps on ER refilling using the kinetic parameters given by
Lytton et al. [41].
We define the geometry of the ER-PM junction and sub-PM ER in Section
2 as cylinders of radius a and assume the PM is at z = H, the ER membrane
at z = L2 and the interface between the sub-PM ER and bulk ER at z = L1.
The Ca2+ influx through the Orai channels, FOrai, is calculated using the
magnitude of the single Orai current, 2.1fA, observed experimentally by Hoth
and Penner [1] using patch clamp techniques and further confirmed using a
noise analysis approach by Zweifach and Lewis [39]. We use Faraday’s law
of electrolysis and calculate the flux per unit area per Orai channel,
FOrai =
IOrai
FzAO
,
where IOrai is the magnitude of the Orai current per channel, F is Faraday’s
constant, z is the valency of Ca2+ and AO is the area of the Orai channel.
Ca2+ influx through an Orai channel is approximated to Ca2+ influx through
a grid element, seen in Figure 2(b) and discussed in Section 2. This grid
element has approximately the same area as an Orai channel, 0.25nm2 [52],
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to ensure the total flux per Orai channel is conserved. When we investigate
the non-clustered Orai channels we must implement a smaller φ mesh (4φ =
0.0251, σφ = 0.03) to ensure the area of the grid element is still approximately
the same size as the area of the Orai channel. If we do not refine the mesh
we will not conserve the total flux and the grid element approximating the
non-clustered Orai channel will have a larger area than the Orai channel
pore and thus result in larger Ca2+ influx through the non-clustered grid
elements. This is a consequence of the non-uniform spatial discretisation of
the cylinder.
The SERCA pumps transport Ca2+ from the ER-PM junction into the
sub-PM ER. The SERCA pump transport system depends on the Ca2+ con-
centrations on either side of the membrane so we use a bidirectional SERCA
pump model [53] to account for the Ca2+ concentrations on both sides of the
membrane using the binding coefficients given by Lytton [41]. The Ca2+ flux
per unit area per SERCA pump is given by,
FSERCA =
Q
AS
Vmax (CJ/KF )
H − Vmax (CS/KR)H
1 + (CJ/KF )
H + (CS/KR)
H
,
where Vmax is the maximal pump rate, Q is the temperature coefficient, AS
is the area of the grid element the SERCA flux enters through, H is the Hill
coefficient, KF and KR are the forward and reverse binding coefficients and
CJ and CS are the Ca
2+ concentrations of the ER-PM junction and sub-PM
ER, respectively.
Ca2+ diffusion in the ER-PM junction, CJ = CJ (r, φ, z, t), is governed by
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the diffusion equation,
∂CJ
∂t
= DJO2CJ, (A.1)
with the following initial (CJ,0) and boundary conditions,
CJ,0 = 0.1µM, DJ
∂CJ
∂z
∣∣∣∣
z=H
= FOraiw(rOrai, φOrai),
CJ
∣∣∣∣
r=a
= 0.1µM, DJ
∂CJ
∂z
∣∣∣∣
z=L2
= FSERCAw(rSERCA, φSERCA),
(A.2)
where (rOrai, φOrai) and (rSERCA, φSERCA) positions the Orai channel and SERCA
pump, respectively, on the grid. We include five Orai channels and ten
SERCA pumps in our simulations, as discussed in Section 2. We include
Ca2+ fluxes into the model via,
w(ri, φi) = exp
(− ((r − ri)/σr)2 − ((φ− φi)/σφ)2) ,
which corresponds to a spatially extended Ca2+ channel or SERCA pump
centred at (ri, φi) for i ∈ {Orai, SERCA}. Here σr and σφ control the width
in the r and angular directions, respectively.
Ca2+ diffusion in the sub-PM ER, CS = CS (r, φ, z, t), is governed by the
diffusion equation,
∂CS
∂t
= DERO2CS, (A.3)
with the following initial (CS,0) and boundary conditions:
CS,0 = 150µM, DER
∂CS
∂z
∣∣∣∣
z=L2
= FSERCAw(rSERCA, φSERCA),
CS
∣∣∣∣
z=L1
= 150µM, DER
∂CS
∂r
∣∣∣∣
r=a
= 0.
(A.4)
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We solve the PDE systems according to the methods in [54, 55]. In the
following, the Ca2+ concentration, Cx, where x ∈ {J, S} denotes the Ca2+
concentration of the ER-PM junction (J) or the sub-PM ER (S). To evaluate
the temporal evolution of the Ca2+ concentration we discretise time using a
time step, 4t, and write t = (t0, t1, ..., tn = T ). We can then describe the
Ca2+ concentration at time ti using the Ca
2+ concentration of the previous
time step, ti−1,
Cx,ti =
∫
V
Gx
(
Cx,ti−1 −Wx
)
dV ′ +Wx, (A.5)
where Gx = Gx (r, r
′, φ, φ′, z, z′,4t) represents the Green’s function of the
domain, V is the volume of the domain and Wx = Wx (r, φ, z) represents the
steady state solution of the domain. The Green’s function propagates the
effect of the initial condition and boundary condition over one time step, 4t.
The solution describes the change in Ca2+ concentration over one time step
due to the diffusion of the previous Ca2+ profile and Ca2+ fluxes across the
boundaries. We then time step the solution and iterate equation (A.5) to find
the Ca2+ concentration at each time step thus approximating the temporal
evolution of the Ca2+ concentration.
We pre-compute the Green’s function of each domain in MATLAB and
pre-compute the integral,
Wx −
∫
V
GxWxdV
′, (A.6)
so that during each time step of the simulation we only integrate over the
previous Ca2+ concentration, Cx,ti−1 , which propagates the Ca
2+ concentra-
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tion from the previous time step, and add equation (A.6), which propagates
the boundary condition over that time step. This reduces the computational
intensity per time step of the simulation.
The Green’s function in the ER-PM junction is given by,
GJ (r, r
′, φ, φ′, z, z′,4t) =
1
pia2(H − L2)
[
1 + 2
MJ∑
m=1
cos (µm (z
′ − L2)) cos (µm (z − L2)) exp
(−DJµ2m4t)
]
×
KJ∑
k=1
[
J0 (α0,kr
′/a) J0 (α0,kr/a)
J1 (α0,k)
2 exp
(−DJ (α0,k/a)24t)
+ 2
NJ∑
n=1
Jn (αn,kr
′/a) Jn (αn,kr/a)
Jn+1 (αn,k)
2 cos (n (φ− φ′)) exp
(−DJ (αn,k/a)24t)] ,
(A.7)
where µm = mpi/(H − L2) for m = 1, 2, ...,MJ and αn,k satisfies Jn (αn,k) =
0 for k = 1, 2, ..., KJ, where Jn(x) are Bessel’s functions of order n. We
use the parameters MJ = 100, KJ = 500 and NJ = 75 in the clustered
Orai configuration (4φ = 0.0419) or NJ = 125 in the non-clustered Orai
configuration (4φ = 0.0251) when calculating the Green’s function with 4r
and4zJ given in Table A.2. The Green’s function in the sub-PM ER is given
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by,
GS (r, r
′, φ, φ′, z, z′,4t) =
2
pia2(L2 − L1)
[
MS∑
m=1
cos (µm (L2 − z′)) cos (µm (L2 − z)) exp
(−Dsµ2m4t)
]
×
KS∑
k=1
[
J0 (β0,kr
′/a) J0 (β0,kr/a)
J0 (β0,k)
2 exp
(−Ds (β0,k/a)24t)
+
NS∑
n=1
Jn (βn,kr
′/a) Jn (βn,kr/a)
Jn (βn,k)
2
(
1− n2
β2n,k
) cos (n (φ− φ′)) exp (−Ds (βn,k/a)24t)
 ,
(A.8)
where µm = (2m − 1)pi/(2(L2 − L1)) for m = 1, 2, ...,MS and βn,k satisfies
J ′n (βn,k) = 0 for k = 1, 2, ..., KS. We use MS = 100, KS = 500 and NS = 75
in the clustered Orai configuration (4φ = 0.0419) or NS = 125 in the non-
clustered Orai configuration (4φ = 0.0251) when calculating the Green’s
function with with 4r and 4zS given in Table A.2.
We implement this method in MATLAB and use matrix multiplications,
to compute integrals, and matrix additions to include equation (A.6), which
are not computationally expensive. One key limitation of this approach
is that the size of the spatial discretisation needed for the Orai channels
in the non-clustered configuration increases the length of time the simu-
lations take. We have used a finer mesh to ensure the spatial resolution
around the channels is the same in both the clustered and non-clustered
Orai configurations. However, this increases the computational intensity
and memory requirements of the non-clustered Orai channel solution. The
simulations were ran on one CPU core of a Dell R630 server with 2 x
40
Intel(R) Xeon(R) E5-2660 v4 processors and 768Gb RAM. The clustered
Orai channel simulations involved a load time (to load the precomputed
variables into MATLAB) of 10 hours with a run time (the time to run
the simulations) of 20 hours and used approximately 30% of the available
RAM. However, the finer spatial discretisation used when the Orai chan-
nel were not clustered led to a load time of 50 hours and a run time of
60 hours and used approximately 60% of the available RAM. The code is
available on GitHub at https://github.com/emmamcivor/supplementary/
tree/master/mcivor_three_2018 and instructions for running the code are
provided.
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